Therapeutic ultrasound (US) is a well-established deep-heating modality 3 that converts mechanical energy into a form of sound waves. Therapeutic US, 4 which has been widely used in physical therapy, reduces edema, relieves pain, 5 increases the range of motion, and accelerates tissue repair (van der Windt et al. 6 1999). It is one of several physical therapy modalities suggested for the 7 management of pain and loss of function due to locomotive syndrome, and it can 8 be used as part of an overall rehabilitation program (Rand et al. 2007 ). US may 9 be administered in either a continuous or a pulsed mode (Rutjes et al. 2010). 10 Pulsed US produces non-thermal effects and is used to aid in the reduction of ribosome, which increases the muscle fiber volume (Goldspink 1999) . In 3 addition, mechanical stimulation loading is known to increase vascular 4 endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF), 5 which results in the development of more skeletal muscle capillaries (Folkman 6 et al. 1988 ). An adequate supply of nutrition and oxygen by the increased 7 number of capillaries contributes to muscle fiber hypertrophy and prevents stimulation by US could affect satellite cells in like a passive stretch. 13 The effects of therapeutic pulsed US on muscle fiber hypertrophy and 14 atrophy have not been investigated in skeletal muscle and, especially, the 15 influences of pulsed US on satellite cells has not been clarified. If pulsed 16 therapeutic US can induce growth factor release, angiogenesis, and satellite cell differentiation and/or proliferation in muscle in vivo, then disuse muscle 1 atrophy would be prevented. Therefore, this study examined the effects of 2 pulsed therapeutic US, especially the non-thermal effects, on the development 3 of disuse muscle atrophy in the immobilized hind limbs of rats. Committee for Animal Experimentation at Nagasaki University. We obtained 10 62, eight-wk-old, male Wistar rats (220 ± 10 g) from Kudo Laboratories (Tokyo, 11 Japan). The animals were housed in cages inside a room with a 12-h dark/light 12 cycle. The temperature and relative humidity of the room were maintained at 13 25ºC and 50%, respectively. Food and water were available ad libitum. 14 The previously described animal model of disuse muscle atrophy by cast 15 immobilization (Okita et al. 2004 ) was used in this study. We randomly 16 distributed 46 rats into 4 groups: control (n = 13), only cast immobilization for 4 weeks (Im, n = 13), pulsed US irradiation during cast immobilization (US, n = (control, n = 12; Im, n = 9; US, n = 13; and sham US, n = 12).
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The remaining 10 rats were used in a pilot study for the measurement of 2 core and muscle temperatures during pulsed US irradiation. The time course changes of core and muscle temperatures were measured 7 during US irradiation in a pilot study. We randomly distributed 10 rats into the carried out while the US device was turned off. The detailed method of US 8 irradiation is described in the following section. 9 10 Pulsed ultrasound irradiation 11 Therapeutic US was applied by using a therapeutic US device (US-750; Itoh 12 Physio-therapy and Rehabilitation Ltd, Tokyo, Japan). We used a probe with a 13 2-cm diameter, and the effective radiating area (ERA) of this probe was 1.8 cm 2 . 14 The US irradiation was performed in pulsed mode at 20% (1:4 duty cycle) to 15 deliver the thermal effects of US to the muscle. An aqueous gel (Aquasonic 100, 16 gastrocnemius muscle in the US group was irradiated through the shaved skin 1 for 15 min at a frequency of 1 MHz and an intensity of 1.0 W/cm 2 . 2 The US irradiation at the above frequency and intensity should extend to rat Immunohistochemical analysis of and BrdU-positive muscle nuclei 10 New muscle nuclei that were traced to satellite cells were identified by using 11 double immunostaining with anti-BrdU and anti-dystrophin antibodies. Muscle 12 nuclei are always located inside of the sarcolemma, which is labeled by 13 anti-dystrophin antibody, and new nuclei incorporate BrdU in their DNA. 14 Although fibroblasts and other mitotically active cells in the interstitium also 15 take up the BrdU label, these cells reside outside of the muscle fiber. The All data are presented as mean ± SD. Differences between groups were 7 assessed by using 1-way analysis of variance (ANOVA) followed by Fisher's 8 PLSD post hoc test. Differences were considered significant at P < 0.05. Core and muscle temperatures 13 The time course changes in core and muscular temperatures before and 14 during ultrasound irradiation were measured in the pilot study (Fig.1) . In the 15 US group, the average core and muscle temperature at 5 min before US Muscle fiber diameter 7 The development of muscle atrophy was confirmed in the Im, sham US, and 8 US groups, whereas muscle fiber necrosis and regenerating fibers were not 9 observed in the muscles of all groups in the sections stained with H&E (data not 10 shown). Representative photographs of cross-sections stained for myosin 11 ATPase activity (pH 4.3) in the gastrocnemius muscle are shown in Fig. 2A . In 12 the sections stained with myosin ATPase, type I, type IIA, and type IIB fibers 13 were detected in the deep region of the gastrocnemius muscles (Fig. 3B) . 14 Quantitative analysis revealed that the muscle fiber diameter of all types in the 15 Im, sham US, and US groups decreased significantly compared with the control 16 group. The diameters of all types of muscle fibers in sham US group showed no 17 19/37 significant differences compared with the Im group. In contrast, the diameters 1 of all types of muscle fibers in the US group were significantly larger than the 2 Im and sham US groups. The decreases in muscle fiber diameter and muscle 3 atrophy were significantly inhibited by pulsed US irradiation in the US group, 4 although the effect was modest. between the Im, sham US, and US groups (Fig. 3C) . Thus, the pulsed US 12 irradiation did not influence the generation of new capillaries. 13 Representative photographs of double immunostaining for BrdU and 14 dystrophin are shown in Fig.3B . A small number of BrdU-positive nuclei was 15 observed in the Im and sham US groups, and the ratio of the number of 1 BrdU-positive muscle nuclei was significantly greater in the US group 2 compared to the Im and sham US groups, whereas no difference was observed 3 between the US group and the control group (Fig. 3D) . The IGF-1 level was significantly decreased in the Im, sham US, and US 7 groups compared with the control group (Fig. 4A ), but no difference was 8 detected among the 3 experimental groups. The bFGF level was not different 9 between any of the 4 groups (Fig. 4B ). In this study, the effect of therapeutic US on the development of disuse 14 muscle atrophy was investigated in immobilized rats. Therapeutic US can relief and acceleration of tissue repair (Xu et al. 1998 ). However, it is extremely 1 difficult to consider the thermal and the non-thermal effects of continuous US 2 separately. The continuous US produces heat in tissues, whereas the pulsed US 3 does not; therefore, the pulsed US was used in order to evaluate only the 4 non-thermal effect produced by US in this study. In the pilot study, elevations in 5 core temperature and muscle temperature were not observed during pulsed US 6 irradiation. However, the muscle temperature was decreased slightly during 7 and after US irradiation procedure. There is no report that ultrasound 8 irradiation decrease tissue temperature. The decrease in the muscle 9 temperature was not influenced by US irradiation, because the temperature 10 decrease was also observed in the sham US group. The possibility of anesthetic 11 influence is low, because core temperature was not changed in both the sham 12 US and US groups. It was presumably due to a cooling by using ultrasound 13 transmission gel. Although tissues temperature is not heated, the pulsed US 14 (pulsed mode at 20%; 1:4 duty cycle) that was used in this study has slight However, in our pilot study, the decrease of muscle temperature was modest (2 6 to 3°C), as well as temporary; thus, we believe it is unlikely that this change 7 had an influence on the development of muscle atrophy. We concluded that the 8 changes observed in muscle were due to the influences of the non-thermal 9 effects of the pulsed US. 10 It is well known that cast immobilization of the hindlimb induces disuse 11 muscle atrophy due to hypodynamia (Takekura et al. 1996) . In comparison with 12 the control group, the diameters of type I, type IIA, and type IIB muscle fibers 13 were decreased by 28.2, 28.6, and 30.3%, respectively, in the gastrocnemius 14 muscle of the Im group. Thus, cast immobilization clearly induced disuse 15 muscle atrophy. Although disuse muscle atrophy occurred in both the sham US 16 and US groups, the main finding of this study was that the diameters of all 17 23/37 types of muscle fibers were significantly larger in the US group than in the Im 1 and sham US groups. This finding suggests that the non-thermal effects of the 2 pulsed US inhibited the development of disuse muscle atrophy in the US group 3 partly. 4 Previous reports showed that the capillary diameter and the number of were significantly larger in the US group than the Im and sham US groups. * vs. 5 the control group, † vs. the Im group, ‡ vs. the sham US group (P < 0.05 in each). 6 The values represent means ± SD. 
